Pink urine syndrome is mostly seen in patients treated with propofol anesthesia. The pink color is attributed to the presence of large concentrations of uric acid (and pigment), which is excreted in large amounts when propofol is given. We describe a case of propofol-induced pink urine syndrome and perform a comprehensive, evidence-based review. We discuss prior case studies already published in the literature as we speculate on the pathophysiology and how it translates to a clinically relevant entity. 
I
n 1491 a German physician, Dr. Johannes de Ketham, published one of the first medical textbooks Fasciculus medicinae, where he describes using the urine to help diagnose disease. 1 Although our technology has improved, from the matula to the urine dipstick, discolored urine continues to intrigue us. Pink urine is most commonly from free heme pigment, which can be seen in hematuria, hemolytic anemia, myoglobinuria (rhabdomyolysis), and porphyria. Another major cause of pink urine is from food, most commonly from beets, rhubarb, and blackberries. A non-heme/non-food pink urine and/or sediment is referred to as pink urine syndrome and has generated interest and discussion for decades. We describe a case of pink urine syndrome in a patient treated with propofol (2,6-diispropylphenol) anesthesia; and provide a comprehensive evidence-based review as we speculate on the many pathophysiological processes occurring.
Case Presentation
A 21-year-old, white male (body mass index 28.2; 91.1kg) with no previous medical history, was admitted to the intensive care unit with acute hypoxic/hypercapnic respiratory failure, acute kidney injury (AKI), and septic shock in the setting of heroin use. The patient was diagnosed with methicillin-susceptible Staphylococcus aureus pneumonia. Due to worsening hypoxia and respiratory acidosis, he was intubated, using propofol for induction.
The following morning his creatinine increased to 1.8 mg/ dl (from a baseline of 1.1 mg/dl). Urine sediment evaluation revealed a bright pink ( Figure 1 ) pellet upon gross inspection, and light microscopy showed many amorphous crystals (Figure 2 ). To identify the crystal type, the patient's urine was acidified and alkalized and reassessed under light microscopy ( Figure 3a ). On acidification, polychromatic birefringence rhomboid uric acid crystallization became prominent (Figure 3b ), whereas when we alkalinized the urine, amorphous urate crystals were present ( Figure 3c ). The patient was given i.v. fluids and the serum creatinine returned to baseline within 2 days. He was extubated 3 days later and discharged shortly after on oral antibiotics.
A Brief History of Pink Urine Syndrome
Pink urine syndrome refers to either pink urine and/or pink urine sediment that occurs in the absence of a heme-, medication-, or food-based pigment but typically seen in the presence of urinary uric acid and propofol. This entity first appeared in the literature in the 1800s by Louis Proust, where it was described as "substance rosacée" or "acide rosacique." 2 The first clinical evaluation of pink urine syndrome in modern times, was in 1984 in a surgical cohort undergoing gastric partitioning. 3 In this obese cohort, one-half of the patients postoperatively had gross pink urine and 100% (n ¼ 187) demonstrated a pink urine sediment on centrifugation. This finding was "rarely" seen in the preoperative period and not seen in the nonobese population. Pink urine syndrome was associated with propofol 10 years later, in 1996, when a milky-pink urine was seen in 9 Japanese surgical patients after propofol anesthesia. 4 Before this, propofol was associated with white urine, which has been attributed to its grossly white, oil-in-water emulsion vehicle. [5] [6] [7] Propofol has also been associated with green urine and historically blamed on the water-soluble quinol derivatives, 8 but this has been challenged recently.
9,10
Patient Characteristics Case studies with pink urine syndrome have been published throughout the literature (Table 1) , and when these cases are evaluated together, similarities emerge. Most patients are obese males, have undergone surgery, were given propofol, have a low urine pH, and present without AKI or prerenal AKI. The association of these factors and their relationship to urinary uric acid are examined. Upon closer inspection, specific characteristics (body mass index, male gender, low urinary pH) are also independent risk factors for uric acid crystallization and/ or nephrolithiasis. [11] [12] [13] [14] A pink urine syndrome cohort confirmed these risk factors for pink urine syndrome. 15 These characteristics, commonly seen with insulin resistance, are also more prevalent in males. 12, [16] [17] [18] Of the preceding factors, a low urinary pH shows 100% prevalence in our cohort (Table 1) , and is an independent risk factor in all the studies discussed, therefore deserves further evaluation.
Urine pH has a large influence on uric acid physiology. Specifically, a low pH will shift uric acid toward its protonated, neutral uric acid form and will increase the likelihood of precipitation. In an alkali solution, the shift is toward the negatively charged, water-soluble, urate, which exists in humans mostly as a salt, monosodium urate. 19 Urate has a pKa of approximately 5.4, therefore at a physiological pH of 7.4 (and 37 C), 98% of the urate is in its monovalent form, the urate anion. 19 When urinary acidification occurs, less urate is excreted, resulting in higher levels of urate in the blood. If the acidic urine is chronic, the total body urate pool would continue to increase, leading to hyperuricemia. A major determinant of urinary pH is the quantity of ammonia that is present. As a buffer, ammonia will bind free hydrogen ions (H þ ) forming ammonium (NH 4 þ ), thereby decreasing free H þ and increasing urine pH. In the setting of reduced ammoniagenesis, more free H þ will be present because less ammonia is around to bind it, thereby resulting in a more acidic urine. This effect is visualized in Figure 3 , where adding acid caused uric acid crystals to form, whereas adding base created amorphous urates. A low urinary pH, which is a requirement for uric acid crystallization, commonly occurs in the setting of insulin resistance. 20 Patients with type 2 diabetes, in whom insulin resistance is present, compared with nondiabetic controls, are observed to have significantly reduced urinary pH in a multivariate analysis controlling for body weight, diet (via urinary sulfate), age, and creatinine clearance. 21 This non-diet cause of acidic urine seen in this insulin-resistant population can be attributed to a defect in ammoniagenesis. Specifically, insulin resistance can lead to a reduction in ammonia production, resulting in defective buffering capacity, more free H þ and low urine pH. 22, 23 Insulin stimulates the renal tubular sodium-hydrogen exchanger (NHE3) in the proximal tubule via PI3K-SGK1 (phosphatidylinositol 3-kinase-serum and glucocorticoid-dependent kinase), which increases ammoniagenesis. 24 Chronic hyperinsulinemia, which is seen during insulin resistance, ineffectively stimulates ammoniagenesis via reduction of the intracellular signal strength. 24, 25 The reduced intracellular signal strength in the proximal tubule is attributed to renal tubular epithelial lipid accumulation, or renal steatosis, and is not specific for attenuating insulin signal, but can also delay a glucocorticoid-mediated activation of NHE3 as well. 26 Another hypothesis for reduced ammonia excretion in the setting of insulin resistance involves the nuclear factor-erythroid 2 related factor 2 (Nrf2). This regulating transcription factor is upregulated in the setting of oxidative stress, resulting in many more downstream antioxidant enzymes to be active as well. Through Nrf2 activation, we can see upregulation of the pentose phosphate pathway, oxaloacetate to a-ketoglutarate synthesis, and glutamate to glutathione conversion. 27 Ogawa et al. 27 associates the reduction of urine pH to a relative glutamate deficiency as it is diverted to glutathione synthesis. With a reduction in the available glutamate, ammoniagenesis is reduced and less ammonium is present, resulting in a lower urinary pH. 27 This hypothesis is also supported by a significantly lower urinary glutamate seen in patients with pink urine syndrome. 27 In general, insulin resistance and hypertriglyceridemia are present before the development of type 2 diabetes mellitus or metabolic syndrome. 28 An insulin-resistant state requires a relative increase in endogenous insulin production/release to sustain metabolic activity, and a state of relative hyperinsulinemia occurs. There is a strong independent positive correlation between insulin and insulin resistance with serum urate concentration in a variety of cohorts. [29] [30] [31] Insulin resistance reduces renal clearance of urate by increasing its absorption transporter, URAT1, and decreasing urate excretion through downregulation of the ABCG2 transporter.
32-36 Healthy non-insulin-resistant male individuals given a 2-or 4-hour infusion of insulin develop a temporal and graded reduction of urinary uric acid clearance. 37, 38 Insulin resistance treated with diet or medications, without body mass index and/or blood pressure improvement, significantly reduces serum uric acid.
39 Figure 3 . The effect of pH on uric acid crystallization. One drop of 1 N HCl solution (1 normal ¼ 36.5 g hydrochloric acid/1 liter) was mixed with 2 ml of patient's urine resulting in a reduction of pH, pinkish hue (a, left test tube) on gross inspection, and polychromatic birefringence uric acid crystallization with light microscopy (b). In a similar fashion, 1 drop of 1 N NaOH solution (1 N ¼ 40 g sodium hydroxide/1 liter) was mixed with 2 ml of urine to serve as a negative-treatment response control. On NaOH addition, urine color became a dirty yellow (a, right test tube), urine pH increased, and amorphous crystals were present when analyzed with light microscopy (c).
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External/Environmental Factors The external conditions and medications given are of equal importance to the development of pink urine syndrome. Most of these patients have undergone surgery, and even though propofol was given, surgery itself can predispose to urate excretion. Operative patients have more antidiuretic hormone (ADH) release due to stress, hemodynamics, and other factors. [40] [41] [42] ADH binds to the V1 receptor in the kidney and enhances urate excretion by downregulating the GLUT9 transporter that reabsorbs urate and upregulating transporters that secrete urate (ABCG2 and NPT1).
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An ADH-dependent urate excretion effect has been demonstrated in hyponatremic patients, 45 although no study has evaluated the role of ADH in pink urine syndrome. Patients with pink urine syndrome have a higher postoperative urinary osmolality and reduced urine output as compared with obese, non-pink urine syndrome controls. 3 Using urinary osmolality as a surrogate for ADH, one can surmise that increased ADH levels were present. However, surgery is not required for pink urine syndrome to occur, as specific cases in Table 1 did not have surgery and still developed pink urine syndrome. In fact, the prevalence of pink urine syndrome in a nonsurgical Japanese cohort is approximately 4%. 15 The data support a role for ADH in the development of pink urine syndrome, but a stronger factor in its development is propofol.
Propofol is a common anesthetic given for induction or maintenance sedation for mechanically ventilated patients in surgery or the intensive care unit. Because of its high lipophilicity, it is given in a lipid emulsion containing soybean oil, egg yolk lecithin, glycerol, sodium hydroxide, and EDTA. 46 Propofol has been demonstrated to increase urate excretion in the urine. 47 Compared with sevoflurane, propofol cleared significantly more urate (mean 22.9 ml/min vs. 5.9 ml/min) during elective surgery in patients with an American Society of Anesthesiologists physical status I or II (these classifications include healthy patients and mild systemic disease, such as wellcontrolled diabetes mellitus or hypertension). 47 There was no significant difference between urinary pH, creatinine clearance, or urine volume. 47 The total urate clearance of propofol is significantly more than other situations that result in increased urate clearance, such as artificially induced hyperuricemia (14.4 ml/min) 47, 48 or hypoxanthine-guanine phosphoribosyltransferase deficiency: 11.7 ml/min (range 4.2-20.8 ml/min). 49 The only other condition with urate clearance greater, is familial renal hypouricemia, in which urate clearance can be >30 ml/min. This occurs with a genetic mutation in SLC22A12 (encodes URAT1) or SLC2A9 (encodes GLUT9), both are proximal tubule urate reabsorption transporters. 50, 51 The total body clearance of propofol is between 20 and 30 ml/min per kg, and when infusing, produces urate excretion at a similar clearance. Clinically, pink urine syndrome presents as a quick onset and abrupt cession of urate clearance in the presence and absence of propofol, respectively. The exact mechanism is unknown, but there are other variables present that influence urate excretion that deserve mention. Diabetic patients can also produce glomerular hyperfiltration (estimated glomerular filtration rate [GFR] >141 ml/min per 1.73 m 2 ), which increases intraglomerular pressure and flow. 52 Hyperfiltration, or increased urinary flow, directly increases urinary urate excretion. [52] [53] [54] Diabetic patients may also have glycosuria, which also increases urate excretion. 55 Propofol may secondarily increase urate efflux transporter in the proximal tubule (ABCG2) through the upregulation of Nrf2. 56 Regardless of the etiology, the ability to excrete urate in large amounts is dependent on the GFR. 57 
Connecting Internal and External Variables
Having an adequate GFR with intact tubular function is one of the requirements for pink urine syndrome. Because acute prerenal AKI maintains tubular function, it is the only type of AKI that is seen with pink urine syndrome. Propofol exhibits many renoprotective benefits, such as improved creatinine clearance, reduced incidence of AKI, prevention of acute tubular necrosis, decreased need for renal replacement therapy, and reduced mortality. 58, 59 The mechanism behind these findings is attributed to the antioxidant ability of propofol where it reacts with a free radical turning into a phenoxyl radical and can scavenge harmful radical species. 58, 60, 61 The antioxidant ability of propofol is similar to a phenol-based compound: it scavenges reactive species, induces endogenous antioxidant enzymes, and has anti-inflammatory effects. 62 Environmental temperature plays a large role in urate physiology, thereby making it important for pink urine syndrome. Propofol administration in the clinical setting typically is seen in the operating room and critical care bed; both locations are considered to be cold. As temperature decreases, the likelihood of uric acid precipitating increases. 63 Operating rooms are typically kept below 23 C (73.4 F). 64 At a normal physiological temperature (37 C or 98.6 F), precipitation starts to occur at uric acid of 6.8 mg/dl. When the temperature drops to 30 C (86 F), urate precipitation occurs at 4.5 mg/dl. The vehicle propofol is given with, a lipid emulsion, can attenuate this hypothermic effect, which may help maintain urate solubility in the body. 65 Once excreted and exposed to the external environment, the significantly reduced temperature would increase the risk of uric acid precipitation. In the presence of both, an acidic urine and reduced external temperatures, the lower the concentration of uric acid needs to be to precipitate.
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The Pink Pigment The pink hue of the urine in pink urine syndrome is from a pink urinary pigment. Many pink/reddish pigments exist: urobilin, urohematoporphyrin, uroporphyrin, coproporphyrin, urohematin, urocyanin, indirubin, indigotin, uroerythrin, purpurin, skatol red, nephrorosein, urorosein, and uricine (of which some may be even the same compound). 67 Uric acidassociated pigments include uricine, urorosein, and biotripyrrin (previously called uroerythrin). [67] [68] [69] Of these, uricine is the most likely to be the primary pigment responsible for pink urine syndrome. One of the first descriptions of uricine was described by Dr. Kleeberg in 1974, where he observes: "its pink color in an acid medium and its amber yellow in an alkaline." 70 (See our patient's urine colors, Figure 3a ). Uricine is a pH-dependent, water-soluble, 2-pyrrol compound. 71 Like other endogenous pigments, uricine is considered to originate from bilirubin metabolism. Uricine has the strongest attachment to uric acid at an acidic pH, in which the rate-limiting reaction is dependent on uric acid concentration. 71 Using the raw data provided in the publication, we performed our own calculations on relationships that were not evaluated in the original article (see Supplementary Table S1 , for our statistical methods and full analysis). Excretion of uricine did not correlate with urate excretion, although there was significantly more uricine excretion in uric acid stoneformers (mean 836 mg/24 hours) as compared with non-gouty, non-stone-former controls (242 mg/24 hours) or patients with gout (321 mg/24 hours) (see Supplementary Table S1 for all calculations and data). 71 Due to the paucity of clinically oriented data on any of the pink pigments, the exact clinical characterization of uricine excretors cannot be done. The production of color relies on a redox reaction with a metal ion-complex. Therefore, any changes in specific REVIEW BM Tucker and MA Perazella: Pink Urine After Propofol With Insulin Resistance variables that influence this reaction may also influence the color change. Urine pH, being the most important, can directly determine the action of urate as a reducing agent or a metal ion's structure and optical activity. [72] [73] [74] Putting It All Together With a Common Pathway Although no specific studies have evaluated the specific pathway(s) involved in pink urine syndrome, we speculate its overlying mechanism. A specific oxidative stress pathway that includes the enzyme, heme oxygenase-1, is involved with nearly all the requirements to develop pink urine syndrome (Figure 4) . Heme oxygenase-1 is found in most cells in the body and is induced by oxidative stress. Its function is to metabolize the toxic, pro-oxidant substrate heme to an antioxidant, bilirubin (this occurs through a biliverdin intermediate), and is a critical cytoprotective factor in the setting of oxidative stress. 75, 76 The substrates are heme, oxygen, and reduced NAD phosphate and products are bilirubin, carbon monoxide, and iron ( Figure 4) . In any inflammatory environment there is an expected degree of heme oxygenase-1 induction to protect against oxidative damage. In the setting of insulin resistance, heme oxygenase-1 induction is overwhelmed, resulting in a suboptimal clinical response to the current oxidative load. A vicious cycle ensues between inflammation and macrophage adipose infiltration contributing to worsening insulin resistance, sustaining an active heme oxygenase-1 pathway. 77 This is supported by a strong correlation between heme oxygenase-1 activity and insulin resistance. 78 The products of this reaction seemingly contribute to some of the clinical variables seen in pink urine syndrome. Figure 4 demonstrates how heme oxygenase interacts with pink urine syndrome. Thus, being chronically active, the products slowly build up, and when propofol is given, a significant increase of heme oxygenase-1 activity is seen acutely. Free iron produced from heme oxygenase-1 is usually quickly sequestered by ferritin. With a chronically active heme oxygenase-1 pathway, more free iron will be present, resulting in more iron seen in the urine. 79, 80 Serum urate, at physiological pH, has also been shown to sequester free iron. 81 This explains the free iron seen in the urine of some patients with pink urine syndrome, and one should also note that free metal in the urine can accelerate the oxidation of urinary pigments, thereby making it more likely to produce color. 82 Bilirubin is also produced and displays strong antioxidant properties, resulting in more of its oxidative metabolites being excreted in the setting of oxidative stress, which include the stress of surgery and intubation. 83 Urinary uricine would be expected to increase in the setting of an active heme oxygenase-1 pathway because it is likely a product of bilirubin metabolism. 84 Heme oxygenase-1 Figure 4 . The heme oxygenase-1 pathway. This enzymatic pathway is activated by oxidative stress and is chronically active during a state of insulin resistance. This pathway becomes overwhelmed and unable to become active enough to completely prevent the increasing amount of oxidative damage. Propofol can further activate this enzyme, which reduces oxidative damage and protects the cell. AKI, acute kidney injury; NADPH, nicotinamide adenine dinucleotide phosphate hydrogen.
activity has also been shown to protect against AKI, which is attributed to the removal of a toxins (heme and free iron) and production of cytoprotectants (bilirubin, carbon monoxide, ferritin). 85 Specific genetic polymorphisms that make heme oxygenase-1 less active result in significantly higher risk of AKI. 86 Propofol reverses many of the effects seen during insulin resistance, which has been attributed to its superior antioxidant and anti-inflammatory activity. 62, 87 Specifically, propofol activates the upstream Nrf2, which then activates many different antioxidant enzymes, including heme oxygenase-I. 88 The inherent antioxidant activity of propofol and its ability to increase endogenous antioxidant pathways (Nrf2/Heme oxygenase-1) delivers the complete antidiabetic, antiinflammatory, and antioxidant response to an insulinresistant, pro-oxidant environment. 89, 90 In summary, Figure 5 shows the multiple interactions seen during pink urine syndrome. We created 5 pink boxes in Figure 5 , identifying the minimum requirements needed for pink urine syndrome to occur, and they are as follows:
(i) Chronic hyperuricemia: for large amounts of uric acid to appear in the urine, a larger urate pool is required to draw from. (ii) Clearance of uric acid is acutely increased: seen in the presence of propofol, and to a lesser extent, ADH.
(iii) Acidic urine: required for uric acid precipitation.
(iv) An adequate GFR: required for uric acid clearance.
(v) Chronic oxidative stress: will increase pink pigment production through bilirubin metabolism. Oxidative stress increases bilirubin production, through the upregulation of heme oxygenase-1.
CONCLUSION
A postulated explanation for the role of insulin resistance and propofol as the most common factors leading to pink urine syndrome is presented in Figure 5 . Insulin resistance covers requirements 1, 3, and 5, whereas propofol administration covers requirements 2 and 4. Another scenario would be chronic alcohol use, which may explain some of the cases in Table 1 . Alcohol reduces urate excretion and increases serum urate levels. 91 The other 4 requirements, a low urinary pH, intact GFR, oxidative stress, and some event/agent to acutely increase urate excretion, would need to be present as well for pink urine syndrome to occur. Using Occam's razor, or developing a hypothesis with the fewest assumptions, the combination of insulin resistance and propofol would be the quickest pathway to pink urine syndrome.
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